The EGFR Is Required for Proper Innervation to the Skin  by Maklad, Adel et al.
The EGFR Is Required for Proper Innervation to the
Skin
Adel Maklad1,3, Jodi R. Nicolai1, Kyle J. Bichsel1, Jackie E. Evenson1, Tang-Cheng Lee2, David W. Threadgill2
and Laura A. Hansen1
EGFR family members are essential for proper peripheral nervous system development. A role for EGFR itself in
peripheral nervous system development in vivo, however, has not been reported. We investigated whether EGFR is
required for cutaneous innervation using Egfr null and skin-targeted Egfr mutant mice. Neuronal markers; including
PGP9.5, GAP-43, acetylated tubulin, and neurofilaments; revealed that Egfr null dorsal skin was hyperinnervated with
a disorganized pattern of innervation. In addition, receptor subtypes such as lanceolate endings were disorganized
and immature. To determine whether the hyperinnervation phenotype resulted from a target-derived effect of loss
of EGFR, mice lacking EGFR expression in the cutaneous epithelium were examined. These mice retained other
aspects of the cutaneous Egfr null phenotype but exhibited normal innervation. The sensory deficits in Egfr null
dorsal skin were not associated with any abnormality in the morphology or density of dorsal root ganglion (DRG)
neurons or Schwann cells. However, explant and dissociated cell cultures of DRG revealed more extensive
branching in Egfr null cultures. These data demonstrate that EGFR is required for proper cutaneous innervation
during development and suggest that it limits axonal outgrowth and branching in a DRG-autonomous manner.
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INTRODUCTION
A richly innervated organ, the skin conveys a multitude of
sensory information from different types of cutaneous receptors
that function in pain perception, touch, temperature sensing,
and vibration sensing. These nerve fibers are organized into a
precise pattern of three horizontal nerve plexuses; the sub-
epidermal plexus, deep cutaneous plexus, and the subcutaneous
plexus whose perikaria are located in the dorsal root and cranial
ganglia (Botchkarev et al., 1997, 1999; Maklad et al., 2004).
The molecular mechanisms underlying fate acquisition
and neurotrophic dependence of neurons conveying different
sensory modalities during development have been identified.
Neurogenins control the fate of two successive waves of
neuroblasts (Ma et al., 1998, 1999). Target cells secrete
neurotrophic factors that promote the growth and survival of
sensory neurons. Developing axons also respond to diverse
and largely unidentified environmental cues in reaching
specific targets and forming proper patterning of innervation.
Many questions about how the peripheral anatomical pattern
emerges during development and how the axons reach their
synaptic targets remain.
The EGFR family of receptor tyrosine kinases has been
strongly implicated in nervous system development (Birecree
et al., 1991; Junier, 2000; Casalini et al., 2004; for review). All
of the family members; including EGFR itself, Erbb2/HER2,
Erbb3/HER3, and Erbb4/HER4; are expressed in the nervous
system (Casalini et al., 2004). Erbb2, Erbb3, and Erbb4 null
mice reveal roles for these receptors in multiple aspects of
neural development. Erbb2 null mice display a severe loss of
sensory and motor neurons and defective formation of the
neuromuscular junction, and so lack all cutaneous innervation
(Lee et al., 1995; Lin et al., 2000; Casalini et al., 2004). Erbb2/
3 dimers are necessary for Schwann cell development and
myelination. Erbb4 is necessary for pathfinding of the sensory
neurons of the cranial ganglia (Golding et al., 2000). Taken
together, these results implicate the EGFR family in many
aspects of nervous system development.
In contrast to the well-defined functions of other family
members in peripheral nervous system (PNS) development,
little is known about the role of EGFR. The receptor is widely
expressed in central and PNS cells, including perineural cells,
Schwann cells, and sensory neurons (Werner et al., 1988).
Egfr null mice exhibit defects in neuronal survival and
migration in the central nervous system (Threadgill et al.,
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1995). In vitro experiments also support a role for EGFR in
neuronal and/or glial cell proliferation, survival, differentia-
tion, and neuroprotective potential (Yamada et al., 1997).
However, the role of EGFR in the development of the PNS
has not been explored in vivo.
The influence of EGFR in the innervation of developing skin
was investigated using two genetic models. Surprisingly, Egfr
null skin had excessive and disorganized innervation resulting
from a primary effect of EGFR in the neuronal compartment.
These data demonstrate a surprising and unusual role for a
growth factor receptor in the suppression and organization of
cutaneous innervation during development.
RESULTS
Egfr null dorsal skin exhibits disorganized hyperinnervation
beginning at P0
To determine the role of EGFR in the innervation of the skin,
we examined innervation in Egfr null and littermate controls
between embryonic day 17.5 (E17.5) and postnatal day 18
(P18). No differences in the innervation of the Egfr null and
control skin were detected at E17.5 (Figure 1). The basic
organization of innervation was already established at this
time point, including the deep cutaneous plexus (Figure 1a–d,
double-headed arrows), the subepidermal plexus (Figure 1c
and d, small arrows), and branches from the subepidermal
plexus (Figure 1c and d, arrowheads). Immunolabeling using
Growth associated protein-43 (GAP-43) antibodies revealed a
comparable pattern and density of innervation in the skin of
both genotypes at E17.5 (Figure 1). Quantification of PGP9.5
immunolabeled nerve fibers in the dorsal skin was also not
significantly different between genotypes at this age (Figure
1e). Thus, no difference in the innervation pattern or density
was detected in Egfr null dorsal skin at E17.5.
Immunolabeling using GAP-43, PGP9.5, and acetylated
tubulin antibodies revealed disorganized patterning and
hyperinnervation by postnatal day 0 (P0) in Egfr null skin
(Figure 2). At this age, the basic innervation pattern of three
plexuses in the skin was well established. The deep
cutaneous plexus (Figure 2a, c, and e, double-headed arrows)
from which radially directed secondary branches emerged
(Figure 2a and e, large arrows) and bifurcated to form the
subepidermal plexus (Figure 2a, c and e; small arrows) was
apparent. From the subepidermal plexus, extensive fine
tertiary branches emerged and penetrated the epidermis
(Figure 2a, c, and e, arrowheads). In skin lacking EGFR
expression, the well-formed deep cutaneous plexus, sub-
epidermal plexus, and the radial fibers connecting them in
normal skin were replaced with several horizontal plexuses
connected by a random and interlacing network of fibers
giving the appearance of rete of nerves with no definite
pattern (Figure 2b, d, and f). The terminal branches to the
epidermis were more numerous in the Egfr null skin than they
were in wild-type littermates (Figure 2f, arrowheads). Fiber
quantification revealed significantly higher density of nerve
fibers in the P0 Egfr null skin with more than twice as many
fibers compared to wild-type littermates (Figure 1e).
By P2, the denser and disorganized innervation of the Egfr
null dorsal skin persisted and became more obvious (Figure
S1). Control skin revealed radial bundles that were obliquely
oriented and parallel to the hair follicles (Figure S1A, C, and
E, large arrows). These radial fibers bifurcated at the
dermal–epidermal junction to form the subepidermal plexus
(Figure S1A and C, small arrows), from which free nerve
endings emerged and penetrated the deeper layers of the
epidermis (Figure S1A and E, arrowheads). In the mutant skin,
the deep dermal plexus was thicker (Figure S1B and D,
double-headed arrows) and located at a deeper level than it is
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Figure 1. Ablation of Egfr disturbs cutaneous innervation after E17.5.
(a–d) GAP-43 immunofluorescence (green) shown in E17.5 skin.
(a) Photomicrograph of skin section showing normal organization of sensory
nerves of the skin in the wild type. Note that the normal pattern of nerve
plexuses has emerged at this age; the deep dermal plexus (double-headed
arrows), and radial fibers (large arrows). (b) Photomicrograph of skin section
of the Egfr null. Note the lack of difference between innervation pattern and
density between the wild-type skin (a) and the mutant. (c) A higher
magnification image of skin section showing the deep dermal plexus (double-
headed arrows), the radial bundles (large arrows), subepidermal plexus (small
arrows), and epidermal free nerve endings (arrowheads). (d) The deep dermal
plexus (double-headed arrows), the radial fibers (large arrows), subepidermal
plexus (small arrows), and epidermal free nerve endings in Egfr null skin in a
pattern and density comparable to the wild-type skins in (c). Scale bar is
100mm (a–d). (e) The density of innervation is increased the skin of Egfr null
mice beginning at P0. Nerve fiber density was quantified in PGP9.5-
immunostained dorsal skin sections as described in the Materials and
Methods. The relative area of PGP9.5-positive fibers was determined in 30
microscopic fields for each of three mice in each group. The mean for each
mouse was calculated and the average area of innervation for each genotype
at several time points is shown. Asterisk (*) indicates the mean is significantly
different in the Egfr null skin compared to the corresponding wild-type
control, where Pp0.05.
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normally (Figure S1A and C, double-headed arrows). The
radial fibers were thicker and branched freely before reaching
the dermal–epidermal junction. These fibers interlaced and
connected to form arcades of nerve fibers that ended directly
in the epidermis without forming a subepidermal plexus. The
free nerve endings in the basal layer of the epidermis were
more profuse compared to those in the wild-type skin (Figure
S1B and F, arrowheads).
By P5, the appearance of a more adult pattern in the wild-
type dorsal skin (Figure 3a, c, and e) made the denser and
disorganized sensory nerves of the mutant skin more obvious
(Figure 3b, d, and f). In control skin, the radial fibers that run
obliquely and parallel to the hair follicle are now located at
regularly spaced intervals (Figure 3a, c, and e, large arrows).
Most hair follicles received an afferent bundle from the deep
dermal plexus to innervate the lanceolate endings (Figure 3c and
e, circles). No branches emerged from the radial bundles except
those terminal branches forming the subepidermal plexus (Figure
3a, c, and e, small arrows). The deep dermal plexus was formed
of compact bundles of fibers (Figure 3a, double-headed arrows).
In Egfr null dorsal skin, the normal pattern of innervation was
completely absent (Figure 3b, d, and f). The deep cutaneous
plexus was thicker, and formed of several defasciculated bundles
of fibers (Figure 3b and d, double-headed arrows). The obliquely
parallel radial bundles, located at regularly spaced intervals in
the controls, were replaced with an extensive network of
terminals spanning the entire region between the deep
cutaneous and subepidermal plexuses. The free nerve fibers in
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Figure 2. Sensory innervation is disorganized in P0 dorsal skin from Egfr null
mice. (a) Photomicrographs of cutaneous sensory nerves in control mouse
skin, labeled with PGP9.5, showing normal organization of sensory nerves
into deep dermal plexus (double-headed arrows), radial fibers (large arrows),
subepidermal plexus (small arrows), and epidermal free nerve endings
(arrowheads). (b) Cutaneous innervation of Egfr null skin. Note the increased
density and absence of normal pattern. The normal plexiform arrangement
was replaced by a rete of nerves throughout the superficial layer of the dermis.
(c) Acetylated tubulin immunolabeled sensory nerves of the wild-type skin
showing the normal pattern of deep dermal plexus (double-headed arrows),
subepidermal plexus (small arrows), and epidermal free nerve branches
(arrowheads). (d) Acetylated tubulin immunolabeling of the cutaneous nerves
of Egfr null showing consistently denser and disorganized pattern of sensory
fibers. Note that epidermal and follicular keratinocytes (green cells) are
immunostained for keratin 14 (K14) in (c) and (d). (e) Normal innervation
pattern of the wild-type skin as revealed by GAP-43 immunolabeling.
(f) Cutaneous innervation of Egfr null showing denser and disorganized
pattern with GAP-43 immunolabeling. Scale bar is 100mm in all figures.
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Figure 3. Increased and disorganized sensory innervation in P5 Egfr null
dorsal skin. (a, c, e) Acetylated tubulin, PGP9.5, and GAP-43 immunolabeled
sensory nerves of the wild-type skin. The deep dermal plexus (double-headed
arrows), and the subepidermal plexus (small arrows) are parallel to the skin
surface. The radial fibers (large arrows) are obliquely oriented and parallel to
the hair follicles, and are located at regularly spaced intervals. The lanceolate
endings (circles) have started to form around several hair follicles. (b, d, f)
Sensory nerves in the Egfr null skin. The normal three horizontal plexuses are
replaced by single thick horizontal plexus (double-headed arrow) in the mid
dermis, from which extensive set of radial fibers freely interlacing with
massive secondary terminals. Note the extensive branching of the free nerve
ending in the epidermis arrowheads in (d). Scale bar is 100 mm in all figures.
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the epidermis were much more numerous in the mutant
epidermis (Figure 3d and f, arrowheads). Fiber density was
significantly higher, with a more than twofold increase in the Egfr
null skin compared to littermate controls (Figure 1e).
Between P5 and P7, only minor changes occurred in the
pattern of innervation in the wild-type skin. The deep
cutaneous plexus, the radial fibers, subepidermal plexus
(Figure S2A, double-headed arrows, large arrows, small
arrows, respectively), and the epidermal free nerves (Figure
S2C, arrowheads) remained as they were in P5. The density of
innervation of the P7 mutant skin, as measured using Image J
software, was less than that of P5 mutant skin although still
significantly greater than that of the controls (Figure 1e).
Manual counting of epidermal free nerve endings confirmed
this result and revealed a 60% increase in P7 Egfr null skin
(P¼0.0003, N¼ 3 mice). The disorganized pattern of innerva-
tion remained in Egfr null skin at P7 (Figure S2B and D). At this
age most wild-type hair follicles had mature lanceolate endings
as revealed by neurofilament 145 (Nf145) immunolabeling.
The mature lanceolate endings surrounded the isthmus region
of the follicle as a cuff of interconnected circular fibers (Figure
4a, arrows) and a palisade of short vertical spikes (Figure 4a,
small arrows). The palisades emerged from the bottom circular
fibers and extended superficially to the top circular band. In the
Egfr null skin (Figure 4b), the isthmus region contained an
extensive bundle of nerve fibers much like the control.
However, these fibers branched in different directions, and
interlaced without forming circular plexuses or elaborating any
vertical spikes in Egfr null skin (Figure 4b, arrows). The defects
in lanceolate endings persisted to P18. At this age all hairs have
evolved massive lanceolate endings (Figure 4c, arrows). The
Egfr null lanceolate endings at this age have a poorly
developed circular plexus, and rudimentary palisade of few
and short vertical spikes (Figure 4d, arrows) in contrast to the
well-formed endings in P18 control skin (Figure 4c).
Overall, the innervation pattern of the wild-type skin at 18
days was similar to that of P7 skin. The deep cutaneous
plexus (Figure S3A, double-headed arrows), radial fibers now
formed of several collateral branches (Figure S3A, large
arrows), and subepidermal plexus (Figure S3A and C, small
arrows) from which epidermal free nerve endings emerged
(Figure S3A and C, arrowheads) were all present. In the null
mice, disorganized patterning with increased density of
innervation in the region of the superficial half of the dermis
persisted (Figure S3B and D), similar to that of P7 null skin.
There were denser free nerve terminals in the epidermis of the
Egfr null skin (Figure S3D, arrowheads). Thus, EGFR
expression is necessary for patterning innervation in the skin.
In addition and somewhat surprisingly given the functions of
other EGFR family members, EGFR reduces the density of
innervation in the skin.
Aberrant innervation is restricted to cutaneous targets
innervated by dorsal root ganglia
To characterize whether the phenotype obtained by analysis
of the hairy dorsal skin is a restricted or generalized effect, we
examined the innervation in glabrous foot-pad and whisker-
pad skin. PGP9.5 immunolabeling of the foot-pad skin
revealed increased free epidermal nerve fibers along with
loss of pattern in Egfr null mice at P0 and P5 (Figure S4B and
D), compared to their wild-type littermates (Figure S4A and
C). In contrast to foot-pad skin, indocarbocyanine dye nerve
tracing to the whisker pads, revealed no difference in the
innervation pattern nor to specific receptor subsets, such as
ruffini or corpuscular endings, lanceolate endings, or
Merkel’s cell endings between genotypes (Figure S4E and
F). Similarly, the Egfr null intervibrissal skin has a normal
innervation pattern (not shown). These data indicate that
cutaneous targets supplied by dorsal root ganglion (DRG)
were affected whereas cutaneous targets supplied by
trigeminal ganglia have normal innervation.
EGFR loss affects only the sensory component of the peripheral
nervous system
To understand whether EGFR is required for the entire PNS or
to a specific functional component, we analyzed the effect of
Egfr ablation on sympathetic fibers to autonomic targets in the
skin. Tyrosine hydroxylase immunofluorescence of sympa-
thetic fibers in the skin revealed no difference between
genotypes in the density or patterning of fibers in dorsal skin
at P7, P10, and P14 (Figure S5). These data indicate that
EGFR is required only for the sensory component of the PNS
contributed by dorsal root ganglia.
Skin-targeted Egfr mutant skin has normal innervation
Our data led us to question whether target cell or nervous
system EGFR expression was necessary for normal PNS
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Figure 4. Egfr null skin exhibits immature and disorganized lanceolate
endings. (a) Neurofilament-labeled normal, mature lanceolate ending in wild-
type P7 skin, with its circular fibers (arrows) and vertical palisade
(arrowheads). (b) A malformed lanceolate ending in P7 Egfr null skin (arrows).
Note the absence of palisade and aberrant circular fibers. (c) Neurofilament
staining of a mature lanceolate ending (arrows) in P18 control skin. (d)
Malformed lanceolate ending in P18 Egfr null skin (arrows). Scale bar is
100mm in all figures.
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innervation. Egfr null skin exhibits severely disorganized hair
follicles (Figure 5b), a phenotype that could indirectly impact
the patterning of cutaneous innervation. To investigate this
possibility, a mouse model was developed that lacked EGFR
expression in the epithelium of the skin. As shown in Figure
5a, EGFR expression was reduced in the epithelium of the
skin-targeted Egfr mutant mice. In contrast to littermate
controls (Figure 5d), the skin-targeted mutant mice exhibited
disorganized hair follicles within the first week after birth
(Figure 5c), similar to those of the Egfr null mice (Figure 5b).
Consistent with previous publications (Birecree et al., 1991;
Casalini et al., 2004; Koprivica et al., 2005), EGFR is
expressed in the DRG of control mice (Figure S6). As
expected, EGFR expression in the DRG of the skin-targeted
mutant and control mice was similar (Figure S6, right),
whereas its expression was lacking in Egfr null mice (Figure
S6, left).
Examination of P14 skin from the skin-targeted Egfrmutant
mice together with the appropriate littermate controls
revealed comparable patterning and density of innervation.
In the skin-targeted Egfr mutant mice, the deep dermal plexus
and subepidermal plexuses, along with the radial fibers and
e
a b c d
f
g h
i j
EgfrfI/fI/Cre–
EgfrfI/fI/Cre–EgfrfI/fI/Cre+Egfr–/–
Egfr: fI/fI fI/fI
EGFR
ACTIN
Cre: – +
PGP9.5 PGP9.5
PGP9.5
Nf145 Nf145
PGP9.5
EgfrfI/fI/Cre–
EgfrfI/fI/Cre+
EgfrfI/fI/Cre+
EgfrfI/fI/Cre– EgfrfI/fI/Cre+
Figure 5. Ablation of Egfr in the epithelium of the skin results in disorganized hair follicles but normal innervation. (a) Immunoblotting of skin-targeted Egfr
mutant (Egfrfl/fl/Creþ ) epidermis demonstrates loss of EGFR protein when compared to control (Egfrfl/fl/Cre). Bar graph indicates relative EGFR signal normalized
to actin from densitometry of immunoblots (N¼ 14 mice). Hematoxylin and eosin-stained skin sections from 7- to 8-day-old Egfr null (b) and skin-targeted Egfr
mutant mice (c) exhibit disorganized hair follicles when compared to the normal control (d). PGP9.5-labeled (e–h) and neurofilament-labeled (i, j) nerve fibers of
14 day-old skin-targeted mutant dorsal skin (f, h, j) show normal innervation. Note that the deep dermal plexus, subepidermal plexus, radial fibers, and
lanceolate endings are comparable to those in the wild type at 14 day (e, g, i). Scale bar is 100mm in all figures.
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epidermal free nerve plexuses exhibited a normal location
and density (Figure 5f and h) in a pattern comparable to the
wild-type skin (Figure 5e and g). Neurofilament immunos-
taining showed a normal location and structure of lanceolate
endings; both the horizontal plexuses and vertical palisade in
the mutant (Figure 5j) were similar to those of wild-type
dorsal skin (Figure 5i). Thus, neither epithelial EGFR
expression nor the disorganization of the hair follicles causes
the aberrant patterning of innervation in the skin.
Hyperinnervation of Egfr null skin results from increased
neurite branching in the periphery
The absence of innervation defects in the skin-targeted Egfr
mutant suggests that the primary defect is in the neural
compartment, the DRG. To examine whether the hyper-
innervation in Egfr null skin is due to increased neuronal
perikaria in the DRG, we examined the DRG of Egfr null and
control mice. EGFR expression was lacking in DRG from Egfr
null mice (Figure S6, left). DRG populations, namely nerve
cells and Schwann cells, were examined in Egfr null and
control mice using neurofilament 200 and S-100 markers.
Neurofilament 200 immunolabeling of the DRG neurons
revealed no difference in the cell morphology or density of
cell packing between the wild-type and Egfr null DRG (Figure
6a and b). Similarly, S-100 immunostaining for Schwann cells
revealed no difference between the genotypes (Figure 6c and
d). Toluidine blue-stained neuronal cells in the L4/5 DRGs of
P5 mutants and their wild-type controls (Figure 6e and f) were
counted and no significant difference between the two
genotypes was found (numbers indicated below Figure 6e
and f). Similarly, electron microscopy revealed no differences
in the myelination of Egfr null and control axons in the sciatic
nerve (not shown). Therefore, the hyperinnervation pheno-
type in the dorsal skin of Egfr null is likely due to increased
neurite branching in the periphery.
Egfr null DRG neurons display extensive branching in culture
To test whether ablation of Egfr increases neurite branching
and outgrowth, DRG from Egfr null and littermate control
mice were cultured as both whole explants and dissociated
cells in culture. Both whole explants and dissociated cells
from Egfr null mice displayed a more extensive branching
pattern in cell culture (Figure 7a–d). Manual counting of the
branch points of axonal arbors revealed a significant
difference between genotypes. Branch points were increased
by 60% (P¼0.0003) in Egfr null DRG neurons (Figure 7d)
compared to controls (Figure 7c). Taken together, the results
presented here are consistent with a cell-autonomous role for
EGFR in limiting neurite branching during PNS development.
DISCUSSION
In this study, the role of EGFR in the innervation of the skin
was investigated. Our data reveal that EGFR is necessary for
normal fiber branching and organization during the devel-
opment of the skin. In the absence of EGFR expression
increased branching, hyperinnervation, disorganization of
the sensory innervation, and aberrant formation of lanceolate
endings to the hair follicles occurred. The normal plexiform
arrangement of cutaneous innervation disappeared and was
replaced by an extensive network of nerve fibers spanning the
entire region between the deep dermal and subepidermal
plexuses in systemic Egfr null mice. These data suggest that
EGFR normally functions as a regulator of pattern formation
and an inhibitor of nerve branching during development of
cutaneous innervation. The effects of Egfr were functionally
restricted to the sensory subdivision of the PNS and
topographically restricted to DRG neurons. Innervation to
sensory targets supplied by cranial ganglia such as trigeminal
ganglion and autonomic effectors developed normally in the
absence of EGFR.
Several experimental approaches were used to determine
whether EGFR regulates cutaneous innervation in a cell-
autonomous or target-derived manner. Loss of epithelial
EGFR expression results in defective epidermal proliferation,
disorganization and premature differentiation in the hair
follicles, and abnormal hair follicle cycling (Hansen et al.,
1997; Figure 5). Given the settled notion that a nerve target is
an important source of chemotropic (guidance cues), and
chemotrophic (neurotrophic support) effects (Goodman and
Shatz, 1993; Goodman, 1996; Cook et al., 1998), and the
defective hair follicles in Egfr null skin, the aberrant
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Figure 6. Analysis of Egfr null and wild-type DRG reveals no differences. (a,
b) Neurofilament 200-immunostained neurons of the wild-type and Egfr null
Mid-DRG section at P5. Note the absence of any morphological difference or
any difference in the density of neurons. (c, d) S-100-immunostained
Schwann cells of wild-type and null Mid-DRG sections at P5, showing size
and density similarity in both genotypes. (e, f) Toluidine-blue-stained wild-
type and null P5 DRG sections for cell counting. Cells were quantified as
described in the Materials and Methods and numbers indicate mean DRG
cells±SEM. N¼ 3 mice. No significant difference between genotypes was
detected using a Student’s t-test.
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innervation could have been a secondary effect resulting
from target-derived defects. To test this hypothesis, innerva-
tion was examined in skin-targeted Egfr mutant mice that
retain the aberrant hair follicle phenotype due to ablation of
cutaneous epithelial EGFR expression. Innervation in skin-
targeted Egfr mutant mice developed normally, indicating
that epithelial expression of Egfr is not required for develop-
ment of cutaneous nerves. However, it is possible that Egfr
expression in other components in the skin, dermal fibro-
blasts for example, or other non-neuronal developmental
defects in Egfr null mice may regulate sensory innervation.
Our in vitro analysis in which DRG explants and dissociated
neurons from Egfr null mice displayed extensive terminal
arbors argues against such scenarios. The DRGs of the Egfr
null mice were present in their correct location and in the
proper orientation and size comparable to their wild-type
littermates. Immunocytochemical labeling for nerve cells and
Schwann cell revealed no difference in their morphology or
density of cell packing or nerve cell counts in the DRG of the
mutant mice. Thus, neuronal expression of Egfr appears to
regulate nerve branching and pattern formation in a cell-
autonomous manner during development of cutaneous
innervation. However, conclusive evidence of such autono-
mous effect should be confirmed by analysis of innervation in
DRG-targeted Egfr mutant mice.
EGFR loss in the neurons of the DRG may change their
behavior or alter the interpretive machinery of their axons to
respond to the cues in the skin that would normally inhibit
axon growth and branching (Van Horck et al., 2002).
Consistent with this hypothesis, inhibition of EGFR in the
central nervous system blocks the ability of myelin inhibitors
and chondroitin sulfate proteoglycans to inhibit neurite
outgrowth (Koprivica et al., 2005). These authors propose
that neuronal EGFR expression is necessary for the ability of
myelin to block axon outgrowth. Our data may be consistent
with this model for EGFR action. An analysis of the
chondroitin sulfate proteoglycan versican in Egfr null and
control skin did not reveal any differences, however (not
shown). Other evidence implicates EGFR activation of
phospholipase C-g, which in turns phosphorylates and
deactivates glycogen synthase kinase-3b (Schlessinger,
2000), as a potential mechanism for the phenotype we have
observed. A phosphorylated inactive pool of glycogen
synthase kinase-3b localizes to the tip of the growth cone
and confers competence to respond to the repulsive axon
guidance molecule semaphorin 3A (Eickholt et al., 2002).
EGFR activation of glycogen synthase kinase-3b may regulate
the interpretive machinery of DRG neurons to inhibitory axon
guidance and branching cues in the skin. Consequently, EGFR
loss in the DRG neurons may result in defective responsive-
ness to the inhibitory cues, leading to massive branching and
loss of normal pattern formation in Egfr null skin.
The absence of abnormalities in the DRG in the presence
of aberrant innervation of the dorsal skin of the null mice
suggests that EGFR is not involved in the early events of
neurogenesis of the PNS such as cell migration, proliferation,
or cell death. It rather suggests that EGFR controls specific
aspects of cell behavior during development such as neurite
extension and branching in a cell-autonomous fashion. This
is in striking contrast to the effects of other EGFR family
members. In Erbb2 and Erbb4 mutants, there is massive loss
of the neurons in DRG and cranial ganglia due to cell death
and abnormal migration of the neural crest in a nonautono-
mous fashion by the Schwann cell population (Lee et al.,
1995; Lin et al., 2000; Golding et al., 2000). Erbb3 null mice
lack the enteric nervous system due to abnormal migration of
the neural crest cells (Riethmacher et al., 1997; Britsch et al.,
1998). EGFR appears to function much later in development
when compared to other family members. Thus, our data and
those of others reveal quite distinct roles for EGFR family
members and suggest that the various family members may
function in concert or sequentially, autonomously, and
nonautonomously, to regulate distinct aspects of cell
behavior during development of the PNS.
MATERIALS AND METHODS
Animals
Egfr null mice were obtained by breeding mice heterozygous for the
receptor and genotyped using PCR as previously published
(Threadgill et al., 1995). To obtain mice lacking EGFR expression
in the epithelium of the skin, keratin 14 promoter-driven Cre
recombinase transgenic mice (Jackson Labs, Bar Harbor, MA) were
crossed with mice containing loxP sites flanking exon 2 of the Egfr
gene. The loxP Egfr construct was designed to generate a frameshift
when splicing between exon 1 and downstream exons occurs. The
mice were backcrossed to generate Cre recombinaseþ //Egfr fl/fl
mice, referred to here as skin-targeted Egfr mutant mice. DNA was
extracted from tail snips and mice genotyped using PCR. Primers for
the skin-targeted Egfr mutant mice included 50-ACACTAGCACT
GACTGCTGG-30 and 50-GGCGAGATAAACCCAAAGCA-30 (Egfr
a b
c d
Egfr+/+
15.5 ± 0.9 24.9 ± 2.0
Egfr–/–
Egfr+/+ Egfr–/–
Figure 7. DRG explants and dissociated cells display aberrant branching
upon ablation of Egfr. (a) Photomicrograph of wild-type P0 whole DRG
explant after 4 days in culture, and labeling with PGP9.5. (b) Egfr null P0 DRG
explant displays more branches than the wild-type littermate. Wild-type
(c) and Egfr null (d) P0 dissociated DRG neurons labeled with PGP9.5.
The Egfr null neurons demonstrate significantly increased branching
compared to the littermate controls. Numbers indicate mean branch points
±SEM quantified as described in the Materials and Methods. Mean for the
Egfr null is significantly greater than for the controls using a Student’s t-test,
where Pp0.0001. N¼30 cells. Scale bar is 1mm.
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loxP allele) and 50-ACCAGCCAGCTATCAACTCG-30, 50-TTACATT
GGTCCAGCCACC-30, 50-CTAGGCCACAGAATTGAAAGATCT-30,
and 50-GTAGGTGGAAATTCTAGCATCATCC-30 (keratin 14-driven
Cre recombinase). To obtain E17.5 embryos, male and female mice
were housed together for 12 hours, and then female mice were
checked for vaginal plugs. Female mice with plugs were designated
pregnant at embryonic day 0.5. Pregnant female mice were killed at
17.5 days and embryos were removed. All animal procedures were
approved by the appropriate institutional animal care and use
committee and performed in compliance with American Association
of Laboratory Animal Care guidelines.
Analysis of Skin Innervation
Cutaneous innervation was examined in skin from mice transcar-
dially perfused with 4% paraformaldehyde in phosphate-buffered
saline after killing. Samples were postfixed in 4% paraformaldehyde
in phosphate-buffered saline until the time of use. Skin was
cryoprotected in 30% sucrose in phosphate-buffered saline for
4 hours and embedded in OCT.
Immunofluorescence was performed on floating 40 mm thick
cryostat sections using standard techniques including antigen
retrieval (Vector Laboratory, Burlingame, CA) and incubation with
the primary antibody for 72 h at 4 1C. The primary antibodies used
included anti-acetylated tubulin (1:250; Sigma, St Louis, MO), anti-
neurofilament 145 (1:200; Chemicon International, Temecula, CA),
PGP9.5 (1:2,000; Chemicon International), anti-GAP-43 (1:2,000;
Chemicon International), and tyrosine hydroxylase (1:500; Chemi-
con International). Skin sections were incubated with Alexa Fluor
488-conjugated goat anti-rabbit secondary antibodies (1:1,000;
Invitrogen, Carlsbad, CA) and were mounted. Z series of images
were collected using a confocal microscope (Zeiss LSM 510 META
NLO system, Thornwood, NY) and collapsed in one focal plane
using confocal software.
Quantification of sensory fibers
PGP9.5-labeled fibers were quantified in photographs taken at  20
magnification, using NIH ImageJ software (Developed at the National
Institutes of Health and available on the Internet at http://rsb.info.
nih.gov/nih-image/). Ten skin sections were examined for each of three
animals per group. In each section, three randomly selected
microscopic fields were photographed with the epidermis parallel to
the long edge of the photo. Using Image J software, the total area of the
PGP9.5-positive fibers was quantified in each image and the mean for
each mouse was calculated. Fiber counting was restricted to the fibers
of the deep dermal and subepidermal plexuses with the investigator
blinded as to the identity of the sample. Differences in innervation
between the genotypes were statistically analyzed using a Student’s
t-test. Manual counting of the epidermal free nerve endings was also
performed in P7 skin (N¼ 3 mice) as described in Hendrix et al.
(2008). In both digital and manual counting a strictly standardized
protocol for tissue-harvesting location, sectioning orientation, immuno-
fluorescence protocols, microscopic field selection, laser intensity, and
gain, was followed as described in Hendrix et al. (2008).
DRG cell counts and immunostaining
The fourth and fifth lumbar dorsal root ganglia (L4 and L5) of P5 mice
were used to count DRG nerve cell number (N¼ 3 mice). L4 and L5
lumbar DRGs were removed and cryoprotected in 30% sucrose in
phosphate-buffered saline for 2 hours. Ganglia were embedded in
OCT and 10 mm thick serial sections were stained with toluidine
blue. Nerve cells are readily distinguishable morphologically from
other populations such as Schwann cells and fibroblasts. Every other
section was photographed at  10 magnification and the cells were
counted. The mean number and standard deviation of nerve cells in
L4 and L5 DRG from each mouse were determined, and differences
were also determined using a Student’s t-test. Some L3 and L5 DRGs
were embedded in gelatin, vibratome sectioned at 30 mm thick
sections and processed for immunostaining with anti-neurofilament
200 (1:200; Chemicon International) and anti-S-100 (1:500; Dako,
Carpinteria, CA).
DRG tissue culture, and neurite branching assay. Ganglia
from all spinal levels of P1 pups were dissected as described above.
DRGs from five animals for each genotype were pooled together.
DRGs were digested in 0.25% trypsin for 45minutes to dissociate
cells. Cells were plated in tissue culture plates at a density of
200,000 cells per 60mm well in DMEM (Invitrogen) with 10% fetal
bovine serum. In some experiments, whole DRG were explanted.
Cells were re-fed the next day and at 48 hours intervals thereafter.
After 4 days, cells were fixed in 4% paraformaldehyde for
30minutes. Cells were immunolabeled using PGP9.5 antibodies as
described above for skin, and counterstained with 46-diamidino-2-
phenyl indole (Vector Laboratory). Images were collected using a
 4 objective on the confocal microscope. Branch points were
counted as described elsewhere (Luo et al., 2002).
Immunoblotting. Epidermis was removed using the heat-shock
method as described by Hansen et al., (1997). Immunoblotting was
performed using standard techniques and EGFR (Santa Cruz
Biotechnology, Santa Cruz, CA) and actin (Sigma) antibodies.
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SUPPLEMENTAL MATERIAL
Materials and Methods. For nerve tracing, indocarbocyanine dye was
implanted in the maxillary nerve of P5 pups, as described in Maklad et al.
(2004). After 2 weeks of diffusion, the whisker pads were removed, embedded
in gelatin, and vibratome sectioned at 80 mm thick sections. Sections were
mounted on glass slides and examined by confocal microscope as described
for the immunofluorescence experiments.
Figure S1. Sensory innervation is increased in P2 dorsal skin of the Egfr null
mice compared to wild-type mice.
Figure S2. Disorganized and increased sensory innervation is apparent in P7
Egfr null compared to wild-type dorsal skin.
Figure S3. Aberrant sensory innervation of Egfr null skin is maintained out to
P18.
Figure S4. Innervation to other cutaneous targets supplied by DRG was
defective whereas cutaneous targets supplied by trigeminal ganglion were
normal in Egfr null skin.
Figure S5. Sympathetic fibers to the skin were not affected by ablation of Egfr.
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Figure S6. EGFR is reduced in DRG from Egfr null but not skin-targeted Egfr
null mice. Supplemental Materials and Methods.
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